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Quantifying the relationship between salmon escapement and riparian tree-ring 15N could 
contribute greatly to understanding trends in historic salmon abundance.  Such an 
understanding could have far-reaching consequences for understanding historic carrying 
capacities of river systems and help guide future restoration efforts. This study investigates 
the reliability of using naturally occurring isotopic variations in annual tree rings to produce 
quantifiable estimates of historic salmon runs. Three study areas with temporal and spatial 
changes in salmon spawning abundance were examined.  I found that currently available 
techniques for removing mobile nitrogen are not sufficient to overcome problems associated 
with radial mobility, as indicated by enrichment of tree rings formed prior to a labeled 
fertilizing experiment.  Tree ring δ15N signatures failed to capture known changes in salmon 
abundance above a migration barrier on the Skykomish River but were related to historic 
escapement ranges at on Icicle Creek with tree-cores downstream from an historic migration 
barrier showing an elevated δ15N signature compared to upstream.  While a relationship 
between tree-ring δ15N and salmon abundance may exist, thesis relationships may be 
obscured by the inter-radial mobility of nitrogenous compounds and confounded by local 
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Pacific salmon (Oncorhynchus spp.) are intrinsically linked to the culture, economy, and 
ecology of the Pacific Northwest.  Salmon populations have diminished greatly throughout 
much of their historical range (Stouder et al. 1997, Gresh et al. 2000) leaving some species 
extinct or with unsustainable populations in many river systems.  Consequently, significant 
amounts of effort and expenditure are directed each year towards the restoration of salmon 
populations (Roni 2005).  In order to understand the implications of salmon decline, the 
magnitude of decline must first be established.  Restoration objectives must be informed by 
an understanding of historic (i.e., pre-degradation) salmon abundances, but in many cases 
escapement records do not go back far enough to allow such assessments.  This study 
investigates the reliability of using naturally occurring isotopic variations in annual tree 
rings to produce quantifiable estimates of historic salmon runs. 
 
Anadromous Pacific salmon spend the majority of their lives feeding and growing at sea 
(Groot and Margolis 1991).  As a consequence, salmon returning to spawn in their natal 
streams carry significant amounts of marine-derived nutrients (MDN) in their body tissues, 
which are subsequently transferred to river and riparian ecosystems as post-spawn salmon 
carcasses die and decompose (Mathisen et al. 1988, Kline et al. 1990, 1993, Bilby et al. 
1996).  The stable isotope 15N is naturally more abundant in marine environments than in 
terrestrial or freshwater environments (Owens 1987, Peterson and Fry 1987).  Returning 
salmon are enriched with 15N relative to 14N, the more common N isotope (Kline et al. 1990) 
usually in the range of 12‰-15‰ relative to average regional plant and soil values of -4‰ 
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to +5‰ (Amundson et al. 2003).  This enrichment is measured in terms of 15N, which 
represents per mil deviation in 15N:14N relative to atmospheric N2, the recognized isotopic 
standard (Lajtha and Michener 1994).  Pacific Northwest soils are generally N limited (Cole 
and Gessel 1992) and this nutrient subsidy is seen as an important nutrient contribution to 
freshwater systems (Schindler et al. 2003). As MDN is incorporated into the aquatic food 
web, the isotopic signature of elevated 15N remains traceable through the freshwater system 
and can be seen in aquatic organisms such as periphyton, plankton, macroinvertebrates and 
fish (Kline et al. 1990, 1993; Bilby et al. 1996, Reichert et al. 2008). 
 
In addition to in stream biota, the MDN signal may be detected in riparian foliage (Bilby et 
al. 1996, Ben David et al. 1998, Hilderbrand et al. 1999, Helfield and Naiman 2001, 2002) 
and soils (Drake et al. 2006) adjacent to spawning streams.  15N levels decreased laterally 
from bankside to upslope trees in transects along salmon bearing streams (Koyama et al. 
2005) indicating the legacy of salmon nutrients influence the riparian nitrogen cycle as 
compared to the surrounding forests. To the extent that MDN inputs represent nutrient 
subsidies, MDN may exert an important influence on riparian forest growth (Helfield and 
Naiman 2001, Drake et al. 2002), diversity (Bartz and Naiman 2005, Hocking and Reynolds 
2011) and patterns of floodplain succession (Morris and Stanford 2011).   In addition to 
foliage, MDN enrichment may also be detected in the annual rings of streamside trees 




Outside the discipline of fisheries ecology, an increasing number of studies have seen 
significant differences in 15N values of tree rings linked to fluctuations in soil nitrogen 
cycles (Savard et al. 2009, Hart and Classen 2003, Poulson et al. 1995, Beghin et al. 2011), 
changes in nitrogen sources (Saurer et al. 2004, Bukata and Kyser 2007) and climatic 
influence on nitrogen cycles (Savard et al. 2008). These studies demonstrate that shifts in 
15N ratios can reflect local and regional nitrogen inputs and have the potential to archive 
local and climatic shifts in nitrogen availability. Therefore, given the known influence 
spawning salmon exert on the isotopic composition of riparian vegetation, it is plausible that 
relative amounts of 15N taken up by trees and incorporated into annual rings could be used 
to determine variations in salmon abundance over the course of the life of the tree. 
 
Use of 15N in tree rings to reconstruct past salmon abundances may be confounded by the 
mobility of N compounds in living trees.  The structural component of wood is comprised of 
cellulose, hemicelluloses, lignin, and other structural components to which N is partially 
bound while the non-structural components help move macronutrients including N from the 
heartwood to the sapwood (Hart and Classen 2003).  All wood cells start out as sapwood, 
the water and nutrient conducting portion of the tree.  As a tree matures, the heartwood-
sapwood boundary becomes apparent with the heartwood cells dying and transferring vital 
nutrients back to the sapwood (Pallardy and Kozlowski 2008).  As a result of this 
translocation, concentrations of N are higher in sapwood than in heartwood (Levy et al. 
1996, Saurer et al. 2004) and N values observed in any given annual ring might not be 
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representative of chemical conditions at the time that ring was formed (Sheppard and 
Thompson 2000). 
 
It is theoretically possible that the lighter 14N could be more easily transported from the 
heartwood to the sap wood leaving an artificial enrichment of the heartwood.   Recent 
research however, indicates that nitrogen translocation does not generate significant isotopic 
fractionation across the heartwood-sapwood boundary suggesting that the heartwood 
sapwood boundary should not confound patterns relating to 15N values (Doucet et al. 
2011).   Despite the lack of fractionation at the heartwood-sapwood boundary, radial 
mobility has a high likelihood of obscuring the temporal relationship between 15N values in 
tree rings and 15N values in source nitrogen. Labeling experiments show elevated 15N 
concentrations in annual rings both prior to during and following a fertilization event 
(Schleppi et al.et al. 1999, Elhani et al. 2003).   
 
The problem of radial mobility has been examined at great length by the scientific 
community.  To date researchers are not in agreement about the consequences of radial 
mobility with regard to interpreting 15N values.  Sheppard and Thompson (2000) have 
developed a pre-treatment extraction method to address the problem of radial mobility.  Pre-
treating wood cores with organic solvents removes the labile, mobile nitrogen contained in 
waxes, resins, oils, low molecular-weight polysacchrides, and inorganic salts thought to be 
responsible for substantial temporal variation of total N at the heartwood-sapwood 
boundary.  The pre-treatment is successful in reducing the variation in nitrogen 
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concentration of tree rings (Sheppard and Thompson 2000). Consequently pretreating tree 
rings has become common practice in dendrochemical research.  But because of the 
potential for poor temporal fidelity in sapwood nitrogen to soil nitrogen due to fractionation 
and radial mobility, the reliability of using wood cores to discern inter-annual shifts in 
15N:14N ratios in source nitrogen has been questioned (Saurer et al. 2004, Drake et al. 2011).  
 
Given the potential impact of quantifying a relationship between tree-ring 15N values and 
salmon escapement conclusive evidence supporting the validity of the technique is needed.  
This project was a synthesis of three individual investigations approaching different angles 
of this broader problem.  The objectives of this study are to: 
1) Test the effectiveness of the Sheppard and Thompson (2000) extraction process as a 
technique for removing mobile N from tree rings, and in so doing 
2) Assess the feasibility of using dendrochemical analyses to detect spatial and temporal 
variations in salmon-derived N inputs to riparian trees.  
 To the extent that this approach is feasible, this project seeks to use dendrochemical 
analyses to reconstruct past spawning abundance on the South Fork of the Skykomish River, 








Data were collected from riparian forests in three river systems in Washington State 
(Kennedy Creek, Skykomish River, and Icicle Creek).  For this study each river system is 
considered a separate site. Each study site included reaches with spatial and temporal 
differences in past salmon abundances.  Two to four tree cores were extracted from mature 
trees from each reach at each site (Figure 1) with a 5mm increment borer from breast height 
(1.4 m).  The cores were transported from the field to the lab in paper straws.  All trees were 
located within 15 meters of the active river channel with priority given to suitable spawning 
habitat or accumulation zones.  When possible, selected trees were at least 3 meters away 
from red alder to resolve potential 14N influence (Helfield and Naiman 2002) caused by 
preferential uptake of the lighter N isotope.   
 
Each site included provided insight into answering the stated objectives.  Trees at Kennedy 
Creek were fertilized with a known amount of labeled solution at great enough concentration 
for detection.  Given the known timing and quantities of 15N-enrichment at this site, analysis 
of 15N values in Kennedy Creek tree rings provides valuable insights into patterns of 
uptake, translocation, and inter-radial mobility of MDN in riparian trees essential for 
interpreting 15N values observed in tree rings at the other sites.  Two other sites, the South 
Fork of the Skykomish River and Icicle Creek, represent systems in which historical 
changes in salmon abundance are known to have occurred testing the ability of this 





Kennedy Creek is a first order stream located roughly 12 km northwest of Olympia, 
Washington with a drainage basin of 17.4 km2 (Figure 2).  The area receives 166 cm of 
precipitation annually with mean annual temperatures ranging from 0.61 ºC to 25.05 ºC 
(Williams et al. 1975).  Kennedy Creek is a small creek with a mean daily flow of ~18.5 
m3/sec (1990-1999) (USGS 2010).  Second growth douglas fir (Pseudotsuga menzeisii) is 
the dominant tree species within 20 meters of the active channel, giving way to the late 
secondary successional species, western red cedar (Thuja plicata).  The understory is 
dominated by sword fern (Polystichum munitum) and moss species but salmonberry (Rubus 
spectabilis), vine maple (Acer circinatum), and big leaf maple (Acer macrophyllum) are also 
present.  Red alder (Alnus rubra) grows patchily along the riparian corridor.  The stream is 
accessible to anadromous salmon migration for a 5.2 km reach where a waterfall prevents 
further migration.  The chum salmon (O. keta) run in Kennedy Creek from October through 
December is disproportionate to the size of the creek with an estimated annual escapement 
averaging 41,000 adults from 1992 through 2001 (WDFW 2012). The study site is located 
on a terrace approximately 1.5 meters vertically and between 5 and 30 meters from the 
active channel.   
 
In fall of 2003, as part of a previous study (Drake et al. 2006), a 15N-labeled fertilizer was 
applied to riparian soils within an 8.5 meter radius of a mature western red cedar to mimic 
~7.25 kilograms of freshly spawned chum flesh.  This process was performed on a total of 
four trees to examine the chemical effects of MDN deposition and serve as a tracer for MDN 
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movement through soil organic matter, as well as tree roots, foliage and stem tissues (Drake 
et al. 2006).  Consequently, the tracer was detected in roots, foliage, and xylem of the 
labeled trees the year after labeling. 
 
In October 2010, cores were extracted from the four fertilized western red cedars and four 
reference western red cedars that were not fertilized.  For this study, reach was defined as 
labeled or unlabeled trees.  Era was defined as pre labeled 2000-2003, labeled 2004-2005, 
and post labeled 2006-2010.  Within tree samples were pooled in two year increments: 
2000-01, 2002-03, 2004-05, 2006-07 and 2008-09 yielding five samples per tree and a total 
of 40 samples from the site. 
 
South Fork Skykomish River  
The entire drainage of the Skykomish is 2,160 km2 in Snohomish and King Counties (Figure 
3).  The regional mean annual precipitation is 233.05 cm with annual temperatures ranging 
from -2.7 ºC to 24.5 ºC (Williams et al. 1975). The Skykomish River flow generally in a 
southwestern direction and is composed of two forks, the north and south.  The south fork 
valley is narrowly confined by densely forested ridges of the Cascade Mountains. 
Originating at the confluence of the Tye and the Foss Rivers east of Skykomish, WA the 
South Fork of the Skykomish has an average discharge of 848.08 m3/s (USGS 2010).   
Between river kilometer s 82.9 and 87.7, the valley drops ~50 meters forming a series of 
three waterfalls (Sunset, Canyon, and Eagle) impassible to migrating salmon forming a 
historic barrier.  The gentle gradient of the upper 16.9 kilometers offers excellent pool-riffle 
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sequences and quality spawning gravel (Williams et al. 1975).  The riparian zone is 
composed of mature Douglas fir, western red cedar, sitka spruce (Picea sitchensis), red 
alder, and big leaf maple and supports all five species of Pacific salmon.   
 
Starting in 1959, Washington Department of Fish and Wildlife (WDFW) has been engaged 
in a trap and haul program transporting potential spawning salmon past the falls to the upper 
reaches of the South fork of the Skykomish.  Records detailing numbers and species of fish 
transported extend to the commencement of the program (USFWS unpublished data).  This 
experiment uses naturally occurring 15N values to understand potential salmon-born 
nutrient influence in the isotopic concentration of nitrogen in tree rings.    
 
The Skykomish River system is an ideal candidate for establishing a connection between 
tree-ring 15N and spawning abundance.  The historic presence of migration barriers and 
subsequent passage of fish created both a well-established escapement history and a natural 
exclusion experiment.  Trees located above the falls had no access to salmon-born MDN 
before 1959 theoretically creating at minimum a presence/absence signal within the tree core 
but potentially a salmon signal in proportion to known run sizes after 1959.   
 
Tree core samples were extracted in February 2011 from 4 conifer trees of mixed species: 3 
western red cedar and 1 Sitka Spruce below the falls and 2 Douglas fir and 2 western 
hemlock above the falls totaling 8 tree cores for the Skykomish system (Table 1).  Five year 
segments centering on the turn of the decade were pooled for each tree, capturing peak 
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escapement pulses of MDN. Samples were not pooled between trees.  The years analyzed 
were:  2010-2008, 2002-1998, 1982-1978, 1972-1968, 1942-1938, 1922-1918, 1902-1898, 
1882-1878, 1862-1858, 1842-1838.  A 26 year gap centered on 1959 was left to account for 
potentially confounding effects of radial mobility of nitrogenous compounds.  Reach was 
considered above or below the falls and era was designated as pre introduction (1838-1942) 
and post introduction (1968-2010). 
 
Icicle Creek 
The Icicle Creek drainage basin is 550.9 km2 and located west of Leavenworth, Washington 
and is a tributary of the Wenatchee River (Figure 4). The basin receives 64.9 cm of 
precipitation annually, with 234.7 cm of snow.  Annual temperatures range from -7.72 ºC to 
30.9 ºC. The average discharge for Icicle creek above the confluence of Snow Creek is 
541.75 m3/s (1937-2011) (USGS 2010).  The watershed is mountainous and undeveloped, 
lying within the Wenatchee National Forest and the Alpine Lakes Wilderness and dominated 
by Ponderosa shrub forest represented by a climax community of mature ponderosa pine 
(Pinus ponderosa).   
 
The riparian zone adjacent to Icicle Creek is composed of western red cedar, ponderosa 
pine, and red alder, and black cottonwood (Popluls trichocarpa) with an understory of 
dogwood (Cornus spp.), vine maple (Acer circinatum), thimbleberry (Rubus parviflorus), 
and red elderberry (Sambucus racemosa). Historically, Icicle Creek supported spring 
Chinook (Oncorhynchus tshawytscha), steelhead (Oncorhynchus mykiss), and migratory 
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native char (Salvelinus alpinus) as well as resident cutthroat trout (Oncorhynchus clarkia), 
rainbow trout (Oncorhynchus mykiss), and bull trout (Salvelinus confluentus) providing 
many kilometers of high-quality spawning and rearing habitat.   
 
Migration of wild salmon to the upper Icicle Creek basin has been blocked by three dams 
since the development of the Leavenworth National Fish Hatchery (LNFH) circa 1940.  
Although originally built to mitigate blockage problems caused by the construction of the 
Grand Coulee Dam, the LNFH and its associated water diversions became a fish passage 
barrier in itself.  Today, the barriers are being dissolved and salmon have returned to the 
upper Icicle Creek Basin over the past five years.  However, the historic range of 
anadromous salmon is yet unknown.  A boulder field approximately 4 miles upstream from 
the hatchery is suspected to be a natural historical barrier to anadromous passage.   
 
Increment core samples were collected from five conifer trees at five reaches in September 
of 2010, composing of western red cedar, ponderosa pine, Douglas fir, and Sitka spruce 
(Table 1). The reaches are located: downstream from the hatchery (Wenatchee-wen), 
upstream from the hatchery (below the boulder field-bbf), upstream from the boulder field 
(above the boulder field-bbf), upper Icicle (upper Icicle-uic), and Snow Creek (Snow creek-
sno). The Wenatchee reach is adjacent to salmon bearing reaches and anticipated to have 
MDN influence while Snow Creek is adjacent to non-salmon bearing tributaries and 
anticipated to have no MDN influence. Era was designated as pre extirpation (1880-1935) 
and post extirpation (1940-1965).  Each core was divided into nine subsamples composed of 
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wood from the first five years of each decade from 1965-1880 to capture the change in 
anadromy as a result of the hatchery construction.  The years analyzed were: 1960-65, 1950-
55, 1940-45, 1930-35, 1920-1925, 1910-1915, 1900-1905, 1890-1895, and 1880-1885.  
 
Sample Analysis 
All cores were hand sanded using sand paper and dated with a binocular dissection 
microscope by counting back from the bark.  At all sites, groups of years were pooled to 
meet the required 20-30 mg of wood material per sample needed for 15N isotope analysis of 
woody material (UC Davis Stable Isotope Facility 2011). The years of interest were 
separated with a razor blade and sewn into extracting pouches made of coarse filter paper.  
Each pouch containing a separate core segment was processed with a three phase soxhlet 
extraction process: 4 hour in a 50:50 mixture of ethanol, 4 hour in ethanol, then 1 hour in 
deionized water (Sheppard and Thompson 2000) to remove mobile nitrogen.  Multiple 
pouches were extracted concurrently.  
 
After extraction, the core segments were air dried for 12 hours to allow any remaining 
volatiles to evaporate and then oven dried at 120 C for a minimum of 24 hours.  After 
drying, each core segment was ground using a specially designed grinding apparatus and 30 
mg (+/- 1.5 mg) was weighed into tin capsules for analysis.  Any remaining sample was 
stored in glass scintillation vials. N content and 15N values of each core segment were 
analyzed at the University of California, Davis isotope facility using a PDZ Europa ANCA-
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GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer 
(Sercon Ltd., Cheshire, UK).  The long term standard deviation per replicate was 0.3 ‰ for 
15N. The calibration relied on the analysis of standards IAEA-N1 and IAEA-N2. 
 
Data Analysis 
Because of historic land use practices that removed many old riparian trees, finding a single 
species that met the qualifications for this study was impossible.  Because of this, a mixed 
species array of cores were collected at all sites except Kennedy Creek where only western 
red cedar were used.  In order to rule out a potential species effect, I compared mean 15N 
values per tree among species (excluding labeled trees from Kennedy Creek) using a single 
factor analysis of variance (ANOVA).  To understand nitrogen trends in tree cores by site, I 
compared mean N values per tree among species with respect to site. and then performed a 
post-hoc test using Fisher’s Least Significance Difference (LSD) to generate information 
concerning interspecific differences. 
 
The goal of this study is to understand what prospective impact MDN contribution exerts on 
tree-ring 15N.  To assess potential differences in 15N caused by presence or absence of 
MDN among reach categories at each site, I conducted a single factor ANOVA with reach 
as the grouping variable.  To assess temporal differences among eras at each site I conducted 
a two factor ANOVA with reach and era as fixed factors at each site.  For the Icicle system, 
I conducted post-hoc Fisher’s Least Significance Difference (LSD) tests to generate 
information regarding site differences.  All data met the assumptions of normality and equal 
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variances except N for species but a log transformation resolved these issues (Apendix II).   
Statistical analyses were conducted using PASW Statistics version 19 (SPSS Inc., Chicago, 






















Overall, I found no significant influence of species on 15N values (F4,36 = 0.541, p=0.707;  
Figure 5).  I found significant differences between species with respect to total N 
(F4,36=10.666, p=<0.00;  Figure 5).  A post-hoc LSD detailed that western red cedar is 
different than ponderosa pine, sitka spruce, and douglas fir (Table 2, Figure 5 B) on average 
yielding higher N values than the other species. 
 
Kennedy Creek 
Among Kennedy Creek trees, the average 15N values of the labeled group ranged from 
91.204 ‰ to 334.316 ‰, whereas unlabeled trees ranged from -1.141 ‰ to 6.5 ‰. The 15N 
values in trees labeled with a tracer were significantly greater than those in reference trees 
(F1,8 = 17.21, p=0.006;  Figure 6).    
 
All but one of the year groups from the reference tree 15N values fell within the expected 
range of natural abundance ranging from -0.25 ‰ to +3.23‰ (expected natural abundance -
4 ‰ to +5‰) (Amundson el al. 2003).  The exception was from a core section from 2002-
2003 at 13.80 ‰ (Table 3).  The average N concentration was not significantly different 
(F1,8 = 1.387, p=0.284) in the labeled and the reference groups (Figure 6). 
 
I found significant differences between eras (F5,10 = 77.32, p=<0.000)  and a significant 
reach-era interaction (F2,10 = 13.476, p=0.017) with respect to 15N but no significant 
differences with respect to total N for era (F5,10 = 0.546, p=0.739) or reach-era interaction 
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(F5,10 = 0.546, p=<0.787;  Table 4).  Interestingly, the 15N enrichment in labeled trees 
extends prior to the application of the tracer (2000-2001 and 2002-2003) showing inter-
radial mobility of N in the sapwood (Figure7).  The reference trees showed little variation in 
15N levels between 2000-01 and 2008-09.   
 
South Fork of the Skykomish River 
Among Skykomish River samples, I found no significant differences between trees above 
and below the barrier in 15N values (F1,7 = 1.035, p=0.348;  Table 5 and Figure 8) or N 
content (F1,7 = 0.883, p=0.384; Table 6 and Figure 8) between reaches.  Additionally, 15N 
did not differ significantly with respect to era (F1,15 = 0.377, p=0.551) , nor was there a reach 
x era interaction effect (F1,15 = 0.053, p=0.822;  Table 7 and Figure 9). On average the upper 
river was elevated in 15N compared to the salmon bearing lower river across most of the 
time scale save for a decade in the late 1800s (Figure 10).  During the last decade, the lower 
river has become substantially depleted in 15N (~ -1.17 ‰) compared to both historic (~ 
0.08‰) and up-river levels (~ 0.15 ‰).  The increase in total nitrogen in rings from 1998 to 
present (Figure 10) indicate a sapwood heartwood boundary formed by the transfer of 
nutrients from dead to living parts of the tree stem. 
 
Icicle Creek 
I detected significant differences among Icicle Creek reaches with respect to 15N values 
(F4,25 = 5.14, p=0.005) but not with respect to total N levels (F4,25 = 2.663, p=0.063).  The 
17 
 
reaches fell into two homogenous subsets, with 15N values significantly increased in trees 
on the Wenatchee (wen) and below the boulder falls (bbf) (Table 8 and Figure 11).  On 
average, upper icicle (uic) and above the boulder falls (abf) were depleted in 15N while 
below the boulder falls and Wenatchee were slightly elevated.  Snow Creek (sno) was 
slightly elevated with a mean 15N of 0.08; more elevated than group 1, but not significantly 
different (Table 9). 
 
No significant relationships were found with respect to era (ie. Pre vs post extirpation;  F1,50 
= 0.381, p=0.576), or reach x era interaction (F4,50 = 0.424, p=0.791) (Table 8 and Figure 
12).  Average tree-ring 15N levels from the upper Icicle reach were -1.328‰ and just above 
the boulder falls they were -1.761‰.  Immediately below the boulder falls average 15N 
levels were 1.162‰ and in the Wenatchee they were 1.875‰ (Table 9).  The average 15N 
signal at Snow Creek was slightly elevated at 0.080‰, creating a gradation in 15N levels up 
the Icicle system.   
 
Most of the elevated signal is in response to three out of five cores in the time period sample 
1920-1925 being elevated to 3.28‰, 3.40‰, and 2.25‰.  Without these three years the 
average 15N is -0.143‰. However, cores from the upper Icicle and above the boulder falls 
remain depleted (-1.388‰ and -1.678‰ respectively) while below the boulder falls and 







Even though the data suggest that δ15N values are not significantly different among tree 
species, total nitrogen is.  Because the link between δ15N values and total nitrogen in 
individual species is not fully understood the impact of species on and N values in tree rings 
and consequently δ15N values may have irreconcilable influence when examining 
environmental influence on nitrogen species uptake by trees.   
 
In this study, δ15N and  N values were averaged among different species across years and 
within sample reaches, which could help to overcome the potential influence of individual 
species.  However, sampling from a single species from the same age class is most desirable, 
if possible as trees utilize nitrogen stores differently as they age (Couto-Vazquez and 
Gonzalez-Prieto 2010).   Young trees require extensive N input from the soil as they are 
working to establish competitive dominance in the forest canopy.  As a tree ages, the 
internal cycling of previously acquired N becomes a more efficient method of meeting N 
demands as opposed to drawing N from external sources.  Therefore, older trees require less 
external N than do younger trees potentially affecting N and δ15N signals.  Because of the 
substantial impact of land use practices on the riparian forest composition, a single species 
collection was not possible from two of the sites (Icicle Creek and Skykomish River) but a 
similar age class was achieved at both as trees cores were among the oldest riparian trees in 
the study reaches.  Trees of the appropriate age class limited data collection and contributed 
to low sample sizes, reducing statistical power.   
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Variability in tree-ring δ15N can be caused by many factors including source N deposition, 
soil N processes, and forest disturbances.  My analysis would be strengthened by data 
regarding local patterns of denitrification and site fire histories. 
 
Kennedy Creek 
Labeled trees were significantly elevated in δ15N compared to reference trees, confirming 
uptake and translocation of the tracer applied in 2003 and first seen in the tree core spring 
2004 (Drake et al 2006).  However, when examining cores taken in 2011, the tracer signal 
extends throughout the sapwood to at least 2000 and probably extends much earlier (Figure 
7).  The bleeding of the tracer clearly demonstrates inter-radial mobility and confirms that 
pre-treatment alone is not sufficient to overcome the interference of mobile nitrogen on 
annual tree-ring δ15N values. 
 
Total nitrogen was not different between experimental and reference groups indicating that 
the labeling experiment did not affect the amount of nitrogen taken up by the trees, merely 
the isotopic composition of nitrogen assimilated. 
 
The δ15N values of the reference cores show a generally elevated δ15N signal averaging 
roughly 1.71 ‰ potentially reflecting the MDN inputs contributed annually by the chum 
run.  However, these values are within the expected range of natural abundance ( -4‰
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to +5‰ (Amundson et al. 2003)) .   One of the reference trees was enriched to 13.80‰ 
during 2002-2003 section.  This number is inconsistent with other data from this site and 
may reflect proximity to river channel, accidental fertilization and subsequent translocation, 
complications induced by a heartwood-sapwood boundary, or a misanalysis of the sample.  
 
If a reliable connection exists between tree-ring and soil δ15N of a given year, removing 
mobile nitrogen is essential to overcome the problems associated with radial mobility that 
might mask the relationship.  However, this extraction process was not able to eliminate the 
elevated signal in rings formed prior to the fertilizer application in experimental trees.  
Possible mechanisms leading to this could be biological, (i.e., radial mobility across rings 
and subsequent immobilization of N), chemical (i.e., solvent not appropriate for extracting 
mobile N compounds), or a combination.  
 
Biological factors including tree species and age of rings examined could influence tree-ring 
δ15N signals.  The extraction of mobile nitrogen inconsistently changes the δ15N signal in 
annual tree rings depending on the species sampled by elevating, (Elhani et al. 2003) 
lowering, (Hart and Classen 2003) or failing to change (Doucet et al 2010) the values.  
Additionally, nitrogenous compounds are constantly exchanged through sapwood (Pallardy 
2008).  It is impossible to know if the structural N in tree-ring became recalcitrant in the 
year of genesis or if a more fluid exchange of these nutrients occurred while the ring was 
part of the sapwood, only hardening after becoming heartwood.  If this is the case, 
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dendrochemical analysis may only be helpful in discerning long term changes rather than 
any annual or semiannual resolution. 
 
Local fluctuations in the nitrogen cycle may also impact the nitrogen delivery to tree rings 
and may be easily confounded by various biologically-mediated processes occurring in both 
the water and soil (e.g., assimilation, nitrification, and denitrification) that significantly alter 
(fractionate) the initial soil δ15N value prior to plant assimilation.  
 
South Fork of the Skykomish River 
The Skykomish system is an ideal candidate for examining the effect of MDN on tree-ring 
15N signatures with spatial (between reaches) and temporal (pre introduction/post 
introduction) comparisons possible. The historic presence of migration barriers and 
subsequent passage of fish creates both a well-established escapement history and a natural 
exclusion experiment. 
 
In this case the data do not support the notion that tree-ring 15N signatures reflect known 
changes in salmon abundance even though the magnitude of change in this system is 
substantial, historically having no MDN influence in the upper river to passing an average of 
over 20,000 fish annually for the past 50 years (WDFW unpublished data 2010).   
 
The salmon signal in the Skykomish may be lost because of the sampling design.  Using 
cores from different species and having a low sample size might very well be hindering my 
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ability to see changes in MDN reflected in the 15N signal. Only 4 cores were analyzed at 
each reach from 4 different species with no overlap of species between reaches.  Western 
red cedar is generally more enriched in 15N and was sampled from the lower river where 
salmon have a history of spawning but the lower river is generally depleted over the span of 
the study.  Although no significant species effect was found, it is possible that the species 
analysis failed to detect any significant differences because of the small sample size and 
correspondingly low statistical power.   
 
In addition to the study design, the natural morphology and dynamic nature of this river 
system might obscure the salmon signal in riparian tree rings.  For example, the Skykomish 
is an anastomosing river continually changing course and influencing the riparian plant and 
soil communities in the process.  Nitrogen fixing red alders could have played a significant 
role in sequestering bioavailable N early in the tree’s life providing all of the N necesary 
although no alders currently are growing in close proximity to the sampled trees.  
Additionally, moisture saturated soils have different N processing rates, both factors 
potentially influencing isotopic fractionation in favor of 14N.  It is also possible that MDN is 
or was not the most important source of N for riparian trees, even with abundant salmon 
runs.   Although the Skykomish appears to be an ideal candidate for evaluating this 







Icicle Creek shows 15N trends in accordance to historical spawning distribution records. 
Two sites up-river from the boulder falls are depleted in 15N compared to two sites located 
in known spawning habitat. A recent historical survey of literature pertaining to spawning 
distribution suggests that anadromous salmon never passed the boulder falls to spawn in the 
upper icicle (Nelson 2010).  Average tree-ring 15N levels from the upper Icicle site and just 
above the boulder falls were -1.328‰ and -1.761‰ respectively.  Immediately below the 
boulder falls and the Wenatchee average 15N values were 1.162‰ and 1.875‰, 
respectivly.  These values are certainly within the range of natural abundance  (-4‰ to 
+5‰) (Amundson et al. 2003)  and do not explicitly reflect a clear salmon signal, however 
the trend has interesting implications regarding historic ranges. 
 
Snow Creek is a steep and rocky tributary of the Icicle.  Trees along Snow Creek were cored 
as a negative control as they are not adjacent to spawning grounds and ostensibly free of 
MDN influence.  Nonetheless the average 15N was slightly elevated 0.080‰ creating a 
gradation in 15N levels up the Icicle system.  This portion of Icicle Canyon was burned by a 
high-intensity forest fire from July to December, 1994 called the Rat Creek fire. (Peter 
Jenkins, personal communication, August, 2011). Such late-season fires have been reported 
to elevate 15N signals in tree rings for only 6 to 10 years after the fire (Beghin et al. 2010).  
My investigation spanned between 1880 and 1960 and did not address years after the fire.  
Furthermore, such high intensity fires are associated with exclusion of fire from a fire 
dependent system.  Active fire suppression measures have been taken over the last 60-90 
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years, altering the natural fire regime (fire interval ever 2-20 years) (McElroy et al. 2005) 
and preventing these large scale fires.  Although the scope of this study extends prior to the 
active fire suppression period, it is doubtful that small localized fires consistent with the 
natural fire regime greatly influenced 15N values. 
 
A more likely explanation for the elevated 15N involves anthropocentric influence in the 
upper watershed. The headwaters of Snow Creek are located in the popular Alpine Lakes 
Recreation Area.  The lakes feeding Snow Creek have been stocked with trout for sport 
fishing and fed substances that would have been marine in origin (i.e., fish meal) (Dick, 
Reiman, personal communication, February, 2012).  This high alpine fish stocking program 
was started in the late 1920s and has continued since the creation of the Department of Fish 
and Game in 1933(WDFW 2012). This human interference may have created an artificially 
elevated 15N signal in the snow creek drainage. 
 
Most of the elevated signal in Snow Creek is in response to three out of five cores in the 
time period sample 1920-1925 being elevated to 3.28‰, 3.40‰, and 2.25‰.  Without these 
three years the average 15N is -0.143‰. Given the timing of the stocking program and the 
potential artificial influence of MDN to the system, it is plausible that these rings were a part 
of the functioning sapwood receiving 15N through inter-radial translocation. Assuming 
management practices continued it is curious that a continued elevated signal is not seen at 





Quantifying the relationship between salmon escapement and riparian tree-ring 15N could 
contribute greatly to understanding trends in historic salmon abundance.  Such an 
understanding could have far-reaching consequences for understanding historic carrying 
capacities of river systems and help guide future restoration efforts.  The appeal of 
quantifying salmon escapement through  tree-ring 15N signals is understandable for two 
reasons: 1) It seems theoretically plausible as suggested by previous studies of isotopic 
variation in tree rings due to variations in climate (Poulsen et al.1995, Savard et al 2009) and 
artificial tracers (Drake et al. 2006) and 2) accurate accounts of historic runs are currently 
limited to  anecdotal accounts from witnesses which is not quantifiable or entirely accurate 
or only work in a very select few river systems as it the case with paleolimnology (eg. 
Finney et al 2002, Hobbes and Wolfe 2007, 2008).   
 
The results of this study, along with those of other recent studies (Keirnan and Johnson 
2009, Drake et al. 2011) confirm the inability of tree-ring 15N values to reflect annual 
variations in spawning salmon abundance.  Problems associated with radial mobility obscure 
potential temporal patterns and are not overcome by solvent extraction alone.  Presently the 
technology to separate labile nitrogen from structural components is lacking.  This is 
assuming that merely removing labile nitrogen will yield annual soil nitrogen fidelity.  
Additionally, soil nitrogen dynamics are complex varying tremendously within short 
geographic distances and circumstances, further complicating fractionation and the relative 
abundance of bioavailable nitrogen compounds. However, if a relationship between annual 
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ring 15N signature and soil nitrogen exists, the soxhlet extraction process is not effective at 
discerning this connection.  A deeper understanding of tree physiology is essential to 
identifying potential sources of inter-radial contamination.  
 
In order to fully understand what if any relationship exists between tree-ring and soil 15N 
values, greater control over species composition and greater sample sizes are necessary, 
potentially requiring cores to be removed from trees not adjacent to spawning grounds or 
within close proximity of red alders as were the constrains of this study.  This technique may 
hold promise as a means to delineate historic ranges of migrating salmon, but since salmon 
impact the local nitrogen cycle in such magnitude, foliage samples may be an adequate 
measure of presence or absence. 
 
Few dendrochemical studies have been conducted in field conditions in salmon and non-
salmon bearing systems or with respect to a historic migration barrier as in delineating 
historic spawning ranges. Understanding tree-ring natural abundance with respect to 
different MDN input and soil conditions will be helpful for interpreting 15N signatures in 
riparian tree-rings.  To test this idea, a study examining 15N signatures in tree rings above 
and below a migration barrier holding tree species constant are necessary.   
 
This technique is not the “silver-bullet” enabling fisheries ecologists to reconstruct accurate 
escapement records for rivers of interest.  To date, dendrochemical analysis of tree rings has 
not yet yielded results substantial enough to inform management decisions in salmon 
27 
 
bearing river systems. More work is needed to resolve or better understand inter-radial 
mobility and additional field studies need to be conducted analyzing 15N signatures in field 
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  Kennedy Creek Skykomish Icicle Creek 
Reach Labeled Not 
labeled 
Upper Lower WEN BBF ABF SNO UIC 
Location 47º05' N 
123º 08' W 
47º05' N  
123º 08' W 
47º44' N  
121º 27' W 
47º48' N 











Elevation (m) 108 108 250 161 417 355 509 469 629 
Species                
western red cedar 4 4 0 3 0 1 3 4 1 
ponderosa pine 0 0 0 0 3 3 1 0 0 
douglas fir 0 0 2 0 2 1 1 1 2 
sitka spruce 0 0 0 1 0 0 0 0 2 
western hemlock 0 0 2 0 0 0 0 0 0 
total 8   8   25         







(I) spp (J) spp 
Mean Difference  
(I-J) Std. Error Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
PIPO PISI .390165 4.6555629 .934 -9.092907 9.873236 
PSME -2.108189 3.4383610 .544 -9.111901 4.895524 
THPL -14.789121* 2.9777080 .000 -20.854514 -8.723729 
TSHE -10.691017 5.4365262 .058 -21.764859 .382824 
PISI PIPO -.390165 4.6555629 .934 -9.873236 9.092907 
PSME -2.498353 4.6555629 .595 -11.981424 6.984718 
THPL -15.179286* 4.3265094 .001 -23.992097 -6.366475 
TSHE -11.081182 6.2775597 .087 -23.868153 1.705789 
PSME PIPO 2.108189 3.4383610 .544 -4.895524 9.111901 
PISI 2.498353 4.6555629 .595 -6.984718 11.981424 
THPL -12.680933* 2.9777080 .000 -18.746326 -6.615540 
TSHE -8.582829 5.4365262 .124 -19.656670 2.491013 
THPL PIPO 14.789121* 2.9777080 .000 8.723729 20.854514 
PISI 15.179286* 4.3265094 .001 6.366475 23.992097 
PSME 12.680933* 2.9777080 .000 6.615540 18.746326 
TSHE 4.098104 5.1575416 .433 -6.407464 14.603672 
TSHE PIPO 10.691017 5.4365262 .058 -.382824 21.764859 
PISI 11.081182 6.2775597 .087 -1.705789 23.868153 
PSME 8.582829 5.4365262 .124 -2.491013 19.656670 
THPL -4.098104 5.1575416 .433 -14.603672 6.407464 
Based on observed means. 
 The error term is Mean Square(Error) = 47.289. 
 
Table 2. Test results from post-hoc Fisher’s Least Significant Difference for 
total N by species.  Bold are significant showing western red cedar (THPL) N 
content is significantly different than ponderosa pine (PIPO), sitka spruce 





  Tree Year 15N (‰)  N (%) 
Labeled 1 2000-01 180.80 45.58 
 
2 2000-01 81.30 5.19 
 
3 2000-01 140.47 49.21 
 
4 2000-01 72.02 45.47 
 
1 2002-03 235.05 53.39 
 
2 2002-03 225.92 78.30 
 
3 2002-03 135.78 49.49 
 
4 2002-03 58.42 40.88 
 
1 2004-05 243.67 64.56 
 
2 2004-05 460.18 50.27 
 
3 2004-05 255.55 52.76 
 
4 2004-05 73.69 43.99 
 
1 2006-07 206.86 56.03 
 
2 2006-07 445.34 40.77 
 
3 2006-07 234.88 53.96 
 
4 2006-07 110.08 45.87 
 
1 2008-09 202.19 58.46 
 
2 2008-09 458.84 55.97 
 
3 2008-09 208.34 73.90 
 
4 2008-09 141.81 59.93 
Reference 1 2000-01 0.61 50.56 
 
2 2000-01 -0.21 41.41 
 
4 2000-01 -2.16 41.20 
 
1 2002-03 0.60 50.89 
 
2 2002-03 0.19 42.32 
 
3 2002-03 13.80 43.43 
 
4 2002-03 -1.04 44.95 
 
1 2004-05 0.63 58.74 
 
2 2004-05 0.40 45.30 
 
3 2004-05 2.46 60.52 
 
4 2004-05 -1.29 46.47 
 
1 2006-07 1.46 47.03 
 
2 2006-07 2.30 45.37 
 
4 2006-07 -0.99 50.12 
 
1 2008-09 0.77 54.15 
 
3 2008-09 3.23 40.44 
 4 2008-09 -0.23 45.23 
 
Table 3.   Kennedy Creek tree-ring 15N and N in labeled and 








Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 182.723 5 36.545 0.546 0.739 
Intercept 22499.436 1 22499.436 336.267 0 
era 107.968 2 53.984 0.807 0.508 
reach 27.956 1 27.956 0.418 0.553 
era *reach 34.059 2 17.03 0.255 0.787 
Error 267.638 4 66.909     
Total 24804.554 10       
Corrected Total 450.361 9       
R Squared = .406 (Adjusted R Squared = -.337) 
Table 4.   Two factor ANOVA with reach and era as fixed factors showing no 












Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 1.208 a 1 1.208 1.035 0.348 
Intercept 0.110 1 0.110 0.094 0.769 
Reach 1.208 1 1.208 1.035 0.348 
Error 7.005 6 1.168     
Total 8.323 8       
Corrected Total 8.213 7       
a. R Squared=.147 (Adjusted R Squared=.005) 
Table 5.   One factor ANOVA comparing 15N of two reaches with historic 
changes in salmon abundance in the Skykomish River showing no significant 





Source Type III Sum of Squares df 
Mean 
Square F Sig. 
Corrected Model 49.725a 1 49.725 .883 .384 
Intercept 8332.511 1 8332.511 147.895 .000 
reach 49.725 1 49.725 .883 .384 
Error 338.045 6 56.341   
Total 8720.280 8    
Corrected Total 387.770 7    
a. R Squared = .128 (Adjusted R Squared = -.017) 
Table 6.   One factor ANOVA comparing N of two reaches with historic 
changes in salmon abundance in the Skykomish River showing no significant 












Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 2.645 3 0.882 0.728 0.555 
Intercept 0.169 1 0.169 0.14 0.715 
Reach 2.124 1 2.124 1.754 0.21 
era 0.457 1 0.457 0.377 0.551 
reach*era 0.064 1 0.064 0.053 0.822 
Error 14.531 12 1.211     
Total 17.346 16       
Corrected Total 17.177 15       
a. R Squared=.154 (Adjusted R Squared=-.057) 
Table 7.   Two factor ANOVA with reach and era as fixed factors showing no 





      
Mean 














LSD abf bbf -2.923 0.973 0.007 -4.953 -0.893 
  
 
sno -1.841 0.973 0.073 -3.871 0.189 
  
 
uic -0.433 0.973 0.661 -2.463 1.596 
   wen -3.637 0.973 0.001 -5.666 -1.607 
  bbf sno 1.082 0.973 0.279 -0.948 3.112 
  
 
uic 2.490 0.973 0.019 0.460 4.519 
   wen -0.713 0.973 0.472 -2.743 1.316 
  sno uic -1.408 0.973 0.163 -0.622 3.437 
    wen -1.796 0.973 0.080 -3.825 0.234 
  uic wen -3.203 0.973 0.004 -5.233 -1.174 
Based on observed means 
Error term is Mean Square(Error)=2.367 
The mean difference is significant at the 0.05 level 
Table 8.   Results of Post-Hoc Fisher’s Least Significant Difference (LSD) from 
Icicle Creek showing Wenatchee (wen) and below the boulder falls (bbf) 
reaches are different than above the boulder falls (abf) and upper Icicle (uic).  




Reach Tree average 15N (‰) average N % 
uic 1 -2.296 19.216 
 
2 -1.861 38.408 
 
3 -1.356 21.939 
 
4 -1.208 20.632 
 5 0.080 20.495 
abf 1 -2.332 21.850 
 
2 -0.640 18.349 
 
3 -3.346 28.574 
 
4 -1.538 34.629 
 5 -0.951 22.811 
sno 1 0.082 27.888 
 
2 -0.944 30.143 
 
3 1.561 31.548 
 
4 0.064 30.229 
 5 -0.364 24.947 
bbf 1 0.547 22.169 
 
2 3.691 17.574 
 
3 1.422 17.297 
 
4 -0.347 22.932 
 5 0.496 18.536 
wen 1 1.224 20.549 
 
2 6.230 15.163 
 
3 1.289 21.971 
 
4 -0.612 22.592 
 5 1.244 23.079 
Table 9.   Icicle Creek average 15N and N levels for tree cores at each reach; 
n=5 at each reach, 25 total. 
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Figure 1.  Location of study sites in Washington, USA  
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Sampling Site























Figure 5.   (A) Boxplot of  δ15N across species separated by 
site showing no species influence on δ15N values.  (B) Total 
N across species separated by site showing western red cedar 













































   
Figure 6.   (A) Kennedy Creek tree-ring mean 15N (± 1 SE) in unlabeled (no) 
and labeled (yes) trees clearly showing the 2004 fertilization influence on the 
labeled trees (B) Kennedy Creek tree-ring mean N content  (± 1 SE) unlabeled 














































Figure 7.   (A) Kennedy Creek mean annual variation in tree-ring 15N in 
labeled and reference trees (n=4) showing the influence of the 2004 labeled 
fertilizer extending into rings formed prior to the fertilizer application.  This 
indicates radial mobility was not overcome through the soxhlet extraction 
process.  (B) Kennedy Creek mean annual variation in tree-ring total nitrogen in 
labeled and reference trees (n=4) showing no influence of the 2004 labeled 




























Figure 8.   (A) Skykomish River tree-ring mean 15N (± 1 SE) in trees upstream and downstream from an 
historic migration barrier.  The lower river has had consistent MDN influence but is depleted of 15N 
compared to the upper river which was deprived of MDN influence before 1959 showing that this 
method of dendrochemical analysis of tree-tree rings does not capture field conditions changes of MDN. 
(B) Skykomish River tree-ring total nitrogen (± 1 SE) in trees upstream and downstream from an historic 
migration barrier.  Total nitrogen down-stream from the migration barrier is not different but with 



































Figure. 9.   (A) Skykomish River tree-ring mean 15N (± SE) before and after fish passage in 
trees upstream (upper) and downstream (lower) from an historic migration barrier.  Eras or 
reaches are not significantly different showing the inability of this dendrochemical method to 
capture known changes in MDN input to the Skykomish system.  (B) Skykomish River tree-ring 
total nitrogen (± 1 SE) before and after fish passage in trees upstream (upper) and downstream 
(lower) from an historic migration barrier showing no influence of reach or era on total tree-ring 
















































Figure 11. (A) Skykomish River mean 15N trends over time from 1838-2008.  
The black arrow marks 1959, the commencement of the fish passage program 
enabling spawning in the upper Skykomish for the first time.  This graph fails to 
show the expected the upper river depleted in 15N prior to 1959 and expected 












Figure 10.   (A) Skykomish River Mean δ15N trends over time from 1838-2008 (B) Skokomish 





















































Figure 11.   (A) Icicle Creek tree-ring mean 15N (± 1 SE) from five sample 
reaches showing homogeneous subsets (abf, uic, and sno) and (bbf wen and 
sno).  Sno is included in both groups. (B) Icicle Creek tree-ring mean N (± 1 



























































Figure 12.   (A) Icicle Creek tree-ring mean 15N (± 1 SE) before and 
after fish passage in trees from five sample reaches showing little 
influence of passage mitigation.  (B) Icicle Creek tree-ring mean N (± 
1 SE) before and after fish passage in trees from five sample reaches 











































































Figure 13.   (A) Icicle Creek 15N in tree rings 1880-1960 from five sample 
reaches showing sites upriver from a potential migration barrier as depleted in 
15N while sites adjacent to known spawning waters are elevated in 15N.  (B) 
Icicle Creek N in tree rings 1880-1960 from five sample reaches showing little 









F df1 df2 Sig. 
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F df1 df2 Sig. 
2.182 4 32 .093 
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F df1 df2 Sig. 
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avg d15N tree 
F df1 df2 Sig. 






Dependent Variable:  
avg N  tree 
F df1 df2 Sig. 




    
    
    
    
57 
 
    





F df1 df2 Sig. 







F df1 df2 Sig. 
2.035 4 20 .128 
  
 
 
